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a b s t r a c t 
The effect of different sample structures of an iron-tungsten model system (as a surrogate for reduced 
activation ferritic martensitic steels like EUROFER) on the development of surface morphologies, tungsten 
surface enrichment and sputter yields under low-energy monoenergetic perpendicular 200 eV deuterium 
bombardment has been studied with SDTrimSP-2d simulations. Previous modeling studies considering 
diffusive effects also could reasonably reproduce and explain the experimental results for a large set 
of experimental parameters like temperature, ﬂux and sample concentration. However, for settings with 
negligible Fe-W-interdiffusion the ﬂuence needed for steady-state conditions differed between the exper- 
iments and the simulations. Thus, the main focus of the present study is directed towards the elucidation 
of this ﬂuence mismatch. Comparison of one and two-dimensional simulation results reveal a strong de- 
pendency of the tungsten enrichment on the sample homogeneity and a signiﬁcantly delayed reduction 
of the erosion yield due to a pronounced formation of surface structures from initially ﬂat sample sur- 
faces. 
© 2016 The Authors. Published by Elsevier Ltd. 









































Usage of bare reduced activation ferritic martensitic (RAFM)
teel tiles has recently been considered as a possible option for the
lasma-facing component in the far-SOL region of a future fusion
eactor. RAFM steels like EUROFER contain important concentra-
ions of heavy elements with tungsten being the most prominent
omponent. These different components in RAFM steels will be
roded differently, leading to changes in surface composition and
rosion yield, where the sputter yield of eg. EUROFER decreases to
ess than 10% of the iron sputter yield at very high ﬂuences [1] . Ion
eam analysis showed an enrichment of W at the exposed surface
2] correlating with the yield reduction and binary-collision based
imulations including solid-state diffusion on iron-tungsten model
ystems agreed qualitatively with the measured data for different
ample compositions and temperatures [3] . Unfortunately, the lim-
ted experimental depth resolution did not allow to conﬁrm the
redicted W enrichment within the ﬁrst monolayers unambigu-
usly. Therefore, it still remains unclear whether the W enrichment
s the only mechanism underlying the yield reduction or if also to-
ography changes contribute to the observed effects as recent SEM∗ Corresponding author. 
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http://dx.doi.org/10.1016/j.nme.2016.09.005 tudies seem to indicate. However, without detailed investigation
f the counteracting effects of roughening surfaces on the erosion,
.e. an increase of the sputter yield by non-perpendicular impact as
ell as effective surface area and a decrease by the reduced parti-
le escape probability even the sign of the effect is hard to predict,
ot even to mention the magnitude or the ﬂuence dependence.
ere we present a detailed study of the 2D-surface morphology
volution and the sputter yields of the iron-tungsten model sys-
em under 200 eV deuterium impact for different samples. 
. Experimental observations 
In several previous studies [1,2,4,5] sputtering of iron-tungsten
odel systems and RAFM steels like EUROFER and F82H under
ow-energy deuterium bombardment have been investigated. Al-
hough a wealth of experimental data is now available we focus
ubsequently on two aspects: a) the ﬂuence dependence of erosion
nd b) morphology changes. 
Generally a reduction of the sputter yield on ﬂuence scales of
he order of ∼10 25 D/m 2 as indicated in Fig. 1 a is observed. Sub-
equent analysis of exposed Fe-W layers by Rutherford backscat-
ering backs the predicted enrichment process of W at the sur-
ace, although the surface layer cannot be resolved fully. How-
ver, an increasing smoothing of the iron-edge in the RBS spec-nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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Fig. 1. Left panel: Fluence dependence of the iron sputtering yield of EUROFER 
(dashed line) under exposure to a D plasma with a bias of -150 V (correspond- 
ing to a D energy of 140 eV) PISCES A. During exposure the sample temperature 
was in the range of 350 K–460 K [1] . Also shown is the sputter yield of EUROFER 
exposed to a monoenergetic beam of D (solid line). Right panel: SEM image from 




























































i  tra indicates the presence of roughening effects [2] under D bom-
bardment. An SEM image of the Fe-W model system with an ini-
tial W-concentration of 0.7 at.% after exposure to 10 24 D/m 2 is
displayed in Fig. 1 b (ﬁgure adapted from [2] ). Although the im-
age appears on a large scale pretty homogeneous, the formation
of small structures not present in the as-deposited case (cf. [2] .,
Fig. 2 a) can already been recognized. This interpretation is also
supported by SEM images of RAFM steels after exposure [4] , which
indicate an even stronger structure formation under D bombard-
ment compared to the Fe-W system. At elevated temperatures
(above ∼900 K) surface segregation of tungsten may also become
important [5] . 
3. Computational approach 
Many properties of the Fe-W layer system under low energy D-
bombardment (200 eV) have recently been modelled by dynamic
SDTRimSP-simulations taking into account also solid-state diffu-
sion [3] , i.e. the ﬂux dependency of the W surface enrichment,
the inﬂuence of the initial (homogeneous) tungsten concentration
and of exposure temperature. The simulation results based on a
1-D sample structure (i.e. the sample composition is only a func-
tion of depth  c =  c( x ) ) show generally good agreement with mea-(a)
Fig. 2. Left panel: Sputter yield of tungsten and iron for 200 eV deuterium (perpendicu
behavior of the tungsten sputter yield is due to the required intermediate deuterium-ir
depth for different 200 eV deuterium ﬂuences. The sample temperature was 573 K and
90 at.-% iron and 10 at.-% tungsten. 
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http://dx.doi.org/10.1016/j.nme.2016.09.005 urements. Many of the observed effects can be rationalized by a
on-monotonic sputter yield dependency of tungsten on the sam-
le composition. As can be seen from Fig. 2 a where data derived
rom a 1D SDTrimSP simulation are displayed, the sputter yield of
ron increases monotonically–as it is to be expected–with the iron
oncentration in the sample. In contrast, the sputter yield of tung-
ten is zero for a pure tungsten sample but exhibits a broad max-
mum for tungsten concentrations in the range of 20% to 60% W:
he bombarding species is monoenergetic deuterium with an en-
rgy of 200 eV and perpendicular impact. For this deuterium en-
rgy the energy transfer to a tungsten atom is below the sputter
hreshold, such that tungsten sputtering can only occur via energy
ransfer by an intermediate iron-tungsten collision. This explains
he non-monotonic variation of the tungsten sputter-yield as func-
ion of the iron concentration: if there is no iron present, tungsten
annot be sputtered. 
The biggest discrepancy between the measured data and the
imulation results is the observation of a much faster convergence
f the erosion yield towards the steady-state value with D ﬂu-
nce in the simulations compared to the measurements. As can
e seen from Fig. 1 a convergence to steady-state requires typi-
ally ﬂuences of at least O 
(




10 25 D / m 2 
)
. In con-
rast, the simulated iron depth distribution is rapidly approaching
he steady-state proﬁle. In Fig. 2 b depth proﬁles for the sequence
f 0, 1, 50, 100, 150, 200, 250 and 300 × 10 20 D/m 2 of a sample
ith an initially constant concentration proﬁle of 90 at.-% iron and
0 at.-% tungsten are displayed. The deuterium energy was 200 eV,
he deuterium ﬂux 10 15 D/m 2 s and the sample temperature was set
o 573 K (thus negligible diffusion). Already at O 
(
10 22 D / m 2 
)
the
roﬁles do hardly change and beyond a ﬂuence of O 
(
10 22 D / m 2 
)
he sputter yield has become constant. The increase of the iron
oncentration above the bulk sample concentration of 90 at.-% Fe
s due to the continous forward implantation of iron recoils into
he subsurface region. 
There are many possible explanations for this difference be-
ween experiment and simulation, as eg. small amounts of heavy
lasma impurities, which suppress tungsten enrichment. However,
iven that it is a quite general observation in several devices and
ogether with the information provided by the SEM images, the
uestionable (although ubiquitous) assumption of a smooth surface
n the simulations could also be responsible for the difference. To(b)
lar impact) as function of the atomic fraction of iron. The unusual non-monotonic 
on collision for tungsten sputtering. Right panel: Iron distributions as function of 
 a deuterium ﬂux of 10 15 D/m 2 s was applied. The initial sample composition was 
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Fig. 3. Evolution of the surface morphology and concentration proﬁles under perpendicular bombardment with 200 eV D ions for different sample structures of the same 
overall composition. The ﬁgures in the left hand column display the change in composition (color-coded) and surface structure as function of deuterium ﬂuence (the ﬂuence 
increases from top to bottom) of an iron matrix with embedded tungsten particles of size 5 A˚ × 5 A˚. The middle column and the right column display the same ﬂuence 


















































A  larify this we need to model the consequences of surface rough-
ess and thus inhomogeneous samples. 
.1. SDTrimSP-2D 
The physical model implemented in the Monte Carlo code fam-
ly SDTrimSP for the simulation of ion-solid interactions is based
n the binary collision approximation [6] . The present model al-
ows to calculate ion-transport in amorphous materials (since the
ositions of the collisions partners are chosen randomly from an
ppropriate distribution), the formation of collision cascades in
hree dimensions and induced mixing processes. 
However, it was also noted that the angular dependence of the
puttering yield severely hampers approaches to describe surfaces
ith a pronounced roughness by 1D models [7,8] , although at-
empts have been made to consider the effect of roughness by
eighted averaging of surface patches at inclined angles [9] or by
 fractal model of the surface [10] . For that reason the SDTrimSP-
D code (for a description of the code see [11] ) has been devel-
ped to simulate the interaction of impinging energetic particles
ith 2D non-planar surfaces. It has been validated in a series of
xperiments using several target systems, including tungsten sur-
aces and optical gratings [12–14] . 
. Computation and results 
The simulations are computationally demanding due to the
eed of small ﬂuence steps and the additional spatial dimension
hich needs to be sampled. To avoid excessive running timesPlease cite this article as: U. von Toussaint, A. Mutzke, Fluen
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http://dx.doi.org/10.1016/j.nme.2016.09.005 olid-state diffusion was not considered and the results apply to
onditions where solid-state diffusion can be neglected, i.e. sample
emperatures below ∼600 K [3] . Collision-cascade induced mixing
ffects are taken into account, however, more subtle effects like
nhanced (surface) diffusion by ion-bombardment or ion-induced
egregation which may become relatively more important at lower
emperatures are not included in the present model. 
.1. Sample composition 
The average sample composition used in the study had a iron-
ungsten ratio of 8:1 by volume which, considering the respective
tomic densities, converts into an atomic fraction of 91.5% iron and
.5% tungsten. However, the sample structure has been varied: to
ake into account the inhomogeneous distribution of tungsten in
AFM-steels as well as the agglomeration of tungsten observed
n scanning electron microscopy images [2] of the iron-tungsten
odel system the available tungsten has been spread as elemen-
al pure tungsten blocks throughout a pure iron matrix. The size of
he tungsten blocks has been varied, from 5 A˚ × 5 A˚ up to 30 A˚
30 A˚, where the simulation lattice parallel and perpendicular to
he surface was matched to the smallest length scale of 5 A˚. 
.2. Results 
Fig. 3 displays the evolution of the sample morphology as func-
ion of deuterium ﬂuence from top to bottom. The left panel has
ungsten blocks of size 5 A˚ × 5 A˚ embedded in the iron matrix.
lready at deuterium ﬂuences of 250 × 10 20 D/m 2 a thin ( ∼1 nm)ce dependent changes of erosion yields and surface mor- 
imulation studies, Nuclear Materials and Energy (2016), 
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Fig. 4. The left hand panel displays the ﬂuence dependence of iron sputtering yields of Fe-W systems under perpendicular bombardment with 200 eV D ions for different 
sample structures of the same composition up to 1 × 10 23 D/m 2 . The right hand panel displays also the iron sputtering yields of the Fe-W systems but now extended to a 












































































 but clearly recognizable surface layer with increased tungsten con-
centration has been formed. Underneath that layer an apparent de-
pletion of tungsten takes place, which becomes even more pro-
nounced with increasing ﬂuence. However, this ‘depletion’ is in fact
an increase of the iron density due to recoil (forward) implantation
of iron into the subsurface layers. This effect of recoil implanta-
tion can also be seen in the concentration proﬁles given in Fig. 2 b.
Above a ﬂuence of 10 0 0 × 10 20 D/m 2 the proﬁle is essentially con-
stant and the surface stays ﬂat and smooth. This is also reﬂected in
the ﬂuence dependence of the sputter yield, displayed in the left
panel of Fig. 4 . Within the ﬁrst 200 × 10 20 D/m 2 there is a rapid
reduction of the sputter yield from Y = 0.03 atoms/D by a factor
of three. Thereafter the decrease slows down considerably and sat-
urates around Y =5 × 10 −4 atoms/D for 1 × 10 24 D/m 2 . 
In the middle panel tungsten is randomly distributed in blocks
of size 15 A˚ × 15 A˚. With increasing ﬂuence the surface exhibits
some structure and becomes rough on a scale of several nanome-
ters. Nevertheless, although delayed with respect to the former
case at a ﬂuence of 10 0 0 × 10 20 D/m 2 an almost closed tungsten
surface layer has been formed. Up to this ﬂuence the sputter yield
dependency is not too different from the previous one. However, a
small difference remains even up to the largest simulated ﬂuences
of 1 × 10 24 D/m 2 . 
The right panel of Fig. 3 reveals a strong built-up of surface
morphology with increasing ﬂuence. This surface structure consists
of pins which are covered by tungsten layers and gaps with sig-
niﬁcant lower surface concentrations of tungsten. The protective
W surface coverage eventually results in almost perpendicular side
walls. The large scale of the formed structures (a consequence of
the 30 A˚ × 30 A˚ tungsten blocks) and the related surface dynam-
ics did not allow to reach a steady-state condition. Rough estimates
based on the changes of the surface morphology point to ﬂuences
well above 1 × 10 25 D/m 2 . These large scales can also be seen in
the right panel of Fig. 4 , where at ﬂuences of 1 × 10 24 D/m 2 the
sputter yield still shows an increasing trend, indicating that the
surface is far from equilibrium. 
It should be noted that simulations with an impact angle of 30
degrees result in almost identical surface morphologies develop-
ments and sputter yield dependencies. 
5. Conclusion and outlook 
Simulations of Fe-W models systems under low-energy
(200 eV) deuterium bombardment were performed using
SDTrimSP-simulations (1D-simulations for perfectly smooth sur-Please cite this article as: U. von Toussaint, A. Mutzke, Fluen
phology of the iron-tungsten model system: SDTrimSP-2D s
http://dx.doi.org/10.1016/j.nme.2016.09.005 aces and homogeneous sample compositions) and 2D-simulations
or inhomogeneous samples. In the case of inhomogeneous sam-
les the structure size of tungsten ‘precipitates’ has decisive
nﬂuence on the sputter yield and on the ﬂuence dependent
evelopment of the sputter yield. Larger tungsten particles result
n initially larger sputter yields and in increased ﬂuence scales
ntil steady-state conditions are obtained. These increased ﬂuence
cales exceed the ﬂuences required for convergence in the 1D case
y orders of magnitude and thus resemble much better the ﬂuence
cales needed in experiments to reach steady-state. Therefore the
onsideration of the surface morphology development in the Fe-W
ystem appears to be crucial. 
Of special interest in the ongoing studies is the effect of small
mounts of heavy impurities on the tungsten surface enrichment,
he morphology and the associated sputter yields. Not only will
n future fusion devices seeding gases be used for radiative cool-
ng and thus also interact with the walls but also because in most
resent day plasma devices impurities cannot be fully avoided and
herefore their consideration may be crucial for the interpretation
f the experimental results. 
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